Vertebrate metamorphosis is often marked by dramatic morphological and physiological 25 changes of the alimentary tract, along with major shifts in diet following development from larva 26 to adult. Little is known about how these developmental changes impact the gut microbiome of 27 the host organism. The metamorphosis of the sea lamprey (Petromyzon marinus) from a 28 sedentary filter-feeding larva to a free-swimming sanguivorous parasite is marked by major 29 physiological and morphological changes to all organ systems. The transformation of the 30 alimentary canal includes closure of the larval esophagus and the physical isolation of the 31 pharynx from the remainder of the gut which results in a non-feeding period that can last up to 8 32 months. To determine how the gut microbiome is affected by metamorphosis, the microbial 33 communities of feeding and non-feeding larval and parasitic sea lamprey were surveyed using 34 both culture-dependent and independent methods. Our results show that the gut of the filter-35 feeding larva contains a greater diversity of bacteria than that of the blood-feeding parasite, with 36 the parasite gut being dominated by Aeromonas, and to a lesser extent Citrobacter and 37
Bacteria from larval or parasitic phase sea lamprey were harvested by vortexing a pool of 116 10 anterior or posterior gut sections from 10 individual lampreys in 10 mM MgSO 4 solution and 117 then physically removing the tissue fragments. This process was repeated 5 times (50 animals 118 total) producing 5 independent samples. Genomic DNA was extracted from the bacterial 119 suspension immediately using the Qiagen Puregene Core Kit Yeast/Bacteria Genomic DNA Kit 120 according to the manufacturer's instructions. Genomic DNA was used as a template for PCR 121 (polymerase chain reaction) to amplify a 1065 base pair fragment of the 16S rRNA gene using 122 the following primers: forward 16S-335 (5' ACTCCTACGGGAGGCAGC 3') and reverse 16S-123 1400 (5' ACGGGCGGTGTGTACAA 3'). Twenty-five microliter PCR reactions were prepared 124 using 1x standard Taq buffer (10 mM Tris-HCl, 50 mM KCl, 1. according to manufacturer's instructions and then plated onto LB plates containing 50 µg/ml 148 kanamycin. Individual colonies were selected and grown for 16 hours at 37 °C in 150 μl of LB 149 containing 10 % glycerol and either 150 μg/ml ampicillin or 50 μg/ml kanamycin (for parasite 150 and larval samples, respectively). One hundred microliters from each liquid culture was 151 transferred to a 384 well plate, frozen at -20 o C overnight, packaged on dry ice and shipped to 152 Plant Biotechnology Institute in Saskatoon, SK for DNA sequencing. Given preliminary 153 evidence that suggested several predominant microbes in the parasite gut, we sampled more 154 sequences from the parasite to increase the chance of sampling the rare microbes. In total, 451 155 random 16S rRNA clones were sequenced and analyzed for the parasite anterior and posterior 156 gut samples, and 239 for the larval anterior and posterior samples.of 62 bacterial isolates were selected from larval, as well as blood-fed and unfed post-161 metamorphic parasites. Random isolates were selected and identified to genus level by 16S 162 rRNA gene sequencing using the primer set described above. The 16S rRNA gene sequences were compared to the Ribosomal Database Project using 197
Classifier, 16S rRNA training set 9, with a cut-off value of 50% (3), while gyrB sequences were 198 analyzed using a BLASTN search of Genbank (1) 
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With the exception of Aeromonas, Citrobacte and Shewanella, the remaining isolates were not 230 represented in the 16S rRNA metagenomic clone library. Cultured isolates were characterized 231 phenotypically for several environment-specific biochemical capabilities. Firstly, the ability to 232 grow on bile, which is found at high concentrations in the parasite posterior gut (33), was tested 233 using MacConkey agar containing a range of bile salt concentrations. All Aeromonas and 234
Citrobacter isolates, which were found in anterior and posterior sections of the gut in both larvae 235 and parasites were able to grow on all bile salt concentrations tested, whereas Enterococcus 236 isolates, which were also distributed throughout the gut in both lamprey life stages, were not bile 237 tolerant (Table 1) . Shewanella strains were largely bile tolerant and capable of growing on bile 238 salt concentrations of up to 6x (Table 1) . 239
Isolates were evaluated for their ability to produce enzymes related to digestion. Growth 240 on skim milk agar, an assay developed for evaluating protease secretion, showed that 63% of 241 cultured isolates, including all but two Aeromonas isolates (isolates 74 and 91 from the parasite) 242 could hydrolyse casein, whereas all of the Enterococcus and Shewanella isolates and most of the 243
Citrobacter isolates could not (Table 1) . Isolates were also evaluated for production of 244 hemolysins using both sheep and trout blood. On sheep blood agar, 31% of the 26 larval isolates 245 tested showed beta hemolysis (39% of the Aeromonas isolates) and 54% were gamma/non-246 hemolytic (61% of the Aeromonas isolates). The parasite tended to have more strains that were 247 beta hemolytic on sheep blood agar (40% of all isolates), but a much greater proportion of beta 248 hemolytic Aeromonas isolates (68%). On the trout blood agar, approximately 70% of larval and 249 70% of parasite isolates showed beta hemolysis, with 100% of Aeromonas isolates being beta 250 on October 2, 2017 by guest http://aem.asm.org/ Downloaded from hemolytic on trout blood (Table 1) . Citrobacter and Shewanella isolates recovered from the 251 parasite did not exhibit beta hemolytic abilities. 252
Phylogeny of Aeromonas 253
Given the prevalence of Aeromonas species in the parasitic lamprey, the species diversity 254 of the cultured Aeromonads from both larval and parasite samples was evaluated by a 255 phylogenetic approach using the gyrB gene (Figure 3 However, all Aeromonas isolates collected from the unfed parasites were A. media, with 262 approximately 66% of the cultured isolates from both larva and parasite being identified as A. 263
media. 264
Aeromonas strains having similar phenotypic characteristics tend to cluster together in 265 the phylogenetic tree. All Aeromonas isolates had beta hemolytic activity on trout blood, 266 whereas sheep blood hemolysis was variable (beta or gamma). The A. media group has both beta 267 and gamma hemolytic groups, with the beta hemolytic strains, which were all isolated from the 268 parasite, being monophyletic (Figure 3 ). In addition, the two isolates that do not produce casein 269 hydrolase, 91 and 74, are also monophyletic within the A. media group. The A. bestiarum group 270 contains both beta and gamma hemolytic groups, again with beta hemolytic strains being 271 monophyletic. Isolates from the A. salmonicida, A. allosaccharophila and A. veronii were all 272 beta hemolytic, while the A. sobria isolates were all gamma hemolytic. 273
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The unusually complex lifecycle of the sea lamprey, which includes a non-trophic metamorphic 276 stage and a dramatic shift to a highly specialized diet, provides a unique glimpse into how 277 changes in host physiology impacts the microbial communities in the gut. A comparison of 278 community composition of the larval and parasitic stages using both culture-dependent and 279 culture-independent methods revealed a higher bacterial diversity in the filter-feeding larvae, 280 which is consistent with previous studies that examined microbial diversity in the larval pouched 281 lamprey (24). The predominant bacterial species of the larval pouched lamprey included 282
Bacillus mycoides and Aeromonas hydrophila, although the genera Enterobacter sp., 283
Pseudomonas sp., Clostridium sp. and Corynebacterium were also present (24). Although 284
Aeromonas, Enterobacter, and Clostridium were identified in the larval sea lamprey, the 285 majority of diversity was represented by the Tenericutes (Ureaplasma and Mycoplasma), as well 286 as members of the Bacteroidetes (Paludibacter). It is interesting, however, that Aeromonas 287 hydrophila was not recovered from the sea lamprey. Microbial composition of the lamprey, 288 however, has been shown to be correlated with the microbial communities of the river bed and 289 the water in and around the larval burrow (24). 290
The parasitic stage, which is not a filter feeder and subsists predominantly on a diet of fish 291 blood, has lower microbial diversity than the larval stage, with predominant species of 292
Aeromonas, Citrobacter and Shewanella. Culture-dependent methods recovered additional 293 species that were not present in the 16S rDNA library. This difference may have been due to 294 culturing bias, which favours fast growing species, 16S amplification bias, which could have led 295 to the overrepresentation of the predominant groups like Aeromonas, Citrobacter and 296 on October 2, 2017 by guest http://aem.asm.org/ Downloaded from be affected in part by the fact they were reared under laboratory conditions, since this 298 environment could potentially expose the lamprey to other microbial consortia. Sampling of 299 wild-caught feeding parasites could shed more light on the influence of lab-rearing on microbial 300 communities, but these animals are extremely difficult to obtain. Nonetheless, there was a clear 301 difference in microbial community structure during the transition from larva to parasite, with a 302 pronounced enrichment of Aeromonas. This community shift may be attributable to the 303 metabolic capabilities of Aeromonas, since many species produce aerolysins that lyse red blood 304 cells and may therefore gain ready access to nutrients in addition to aiding the parasitic host in 305 the digestion of the blood meal and/or nutrient absorption (13, 21). Indeed, our phenotypic tests 306 of culturable isolates revealed that just over half of the culturable Aeromonas isolates tested were 307 capable of lysing sheep blood, while all isolates were capable of lysing trout blood. This suggests 308 that the hemolysins produced by these Aeromonas strains are more specialized to fish blood. Not 309 all isolates have this capability, though. The outgroup (isolate 4), a putative Citrobacter isolate, 310 exhibits alpha hemolytic activity on trout blood. Furthermore, the majority of culturable 311
Aeromonas isolates from both the larval and parasite gut also show protease secretion, indicating 312 to be represented in the larval stage and at least three in the parasite gut; but, the same 321
Aeromonas species are found in both life stages. This could suggest that Aeromonas may 322 colonize the larval stage from the general environment and persist in the gut during the non-323 trophic metamorphic period through to adulthood. This is supported by the fact that larvae 324 collected from different localities carry species of Aeromonas that are found in the parasite and 325 the fact that there was no evidence of particular phylogenetic groups being represented more in 326 either life stage. Alternatively, the gut microbiome could be purged completely during 327 metamorphosis, allowing for recolonization by free-living bacteria from the general 328 environment. When mosquitoes undergo metamorphosis from larva to adult, they utilize a gut 329 sterilization mechanism, which purges the insect midgut of bacteria (18). Meconial peritrophic 330 membranes that sequester bacteria are formed and surround the larval midgut epithelium and are 331 eventually sloughed off during metamorphosis (18, 25) . Such processes may be accompanied by 332 other specificity mechanisms that promote the establishment of specific bacteria from the general 333 environment. In the squid, which forms a mutualistic association with Vibrio fischeri, nitric 334 oxide is produced in the light organ tissues that enables colonization of the symbiont through a 335 series of signalling steps (29, 30) . For the medicinal leech, the ingested blood meal contains an 336 active complement system capable of killing sensitive bacteria (13, 20, 27) . Similar systems 337 could function in the sea lamprey to eliminate some groups of bacteria. It is also possible that 338 the accumulation of toxic bile during metamorphosis could be functioning to impose selection on 339 specific species or groups of bacteria. Aeromonas strains tested were all tolerant to high bile 340 concentrations; however, cultured isolates from the parasite were no more bile tolerant than those 341 in the larva suggesting that this alone cannot be responsible for the enrichment observed.tolerant, with the Shewanella strains tolerant to varying degrees. In fact, Citrobacter strains 344 were found to be more prevalent in the parasite posterior gut where bile is known to accumulate. 345
Still, there were several isolates in the parasite that were bile intolerant, suggesting that bile 346 accumulation may not be a primary selective mechanism. If particular host-specificity 347 determinants do function that allow particular strains to persist within the sea lamprey, the 348 colonization by these bacteria may actively exclude other microbes from establishing, possibly 349 through the action of specific anti-microbial compounds. The medicinal leech, for example, has 350 been suggested to possess a single Aeromonas species, Aeromonas veronii bv. sobria (6), which 351 prevents other bacteria from colonizing the digestive tract through the production of 352 antimicrobial compounds (7, 13, 17) . Still, it is unclear whether similar, specific mechanisms 353 function in the sea lamprey to promote the persistence and/or colonization of particular strains 354 during sea lamprey metamorphosis. Nonetheless, this study has established that sea lamprey 355 experience a pronounced change in their gut microflora following transition from filter-feeding 356 larvae to sanguivorous parasites. Our results have formed the basis for investigating specific 357 mechanisms that control gut microbiota development, and for establishing the importance of 358 particular species of gut bacteria, such as Aeromonas, in host blood meal digestion and nutrient 359 absorption. Determining the impact of Aeromonas on host fitness may provide a unique target 360 for the development of new lampricidal compounds. 361 
